Abstract. We produced low carbon and high nitrogen martensitic stainless steels that contain less than 0.1 mass% C and more than 0.45 mass% N, through the pressurized induction melting process, in which nitrogen is introduced from a pressurized N 2 atmosphere. The hardness and corrosion resistance of these steels were investigated under various heat treatment conditions.
Introduction
Nitrogen is one of the most effective elements for improving not only the strength but also the corrosion resistance of stainless steels [1, 2] . In order to develop this advantage, several papers have focused on the high nitrogen stainless steels produced under a pressurized atmosphere, which can contain more nitrogen than under conventional atmospheric pressure [3, 4] .
Although martensitic stainless steels have higher hardness, the corrosion resistance is very poor compared with other types of stainless steels. In order to improve the corrosion resistance of martensitic stainless steels using nitrogen, the nitrogen content should be lower than 0.15mass% in the atmospheric melting process [5] , because the alloying element should be restricted to maintain the martensite phase. Production of martensitic stainless steel containing higher nitrogen requires the special process mentioned above. One example of 15mass% Cr and 0.33mass% N containing martensitic stainless steel produced by pressurized ESR has been reported to have 58HRC in hardness and improve corrosion resistance dramatically [6, 7] . Another example of 18mass%Cr and 0.5mass%N containing martensitic stainless steel produced by pressurized induction furnace also has been reported to show 56HRC in hardness and better corrosion resistance than AISI316 [8] . These reports suggest that nitrogen has a much higher potential for providing higher hardness and improving corrosion resistance.
In this study, the hardness and corrosion resistance of low carbon and high nitrogen martensitic stainless steels, which contain less than 0.1 mass% C and more than 0.45 mass% N, produced through the pressurized induction melting process, were investigated under various heat treatment conditions and the potential of nitrogen under optimal heat treatment conditions is discussed. Table 1 shows the chemical compositions of the experimental steels 'HNS-A, B, C'. The solubility of nitrogen in molten liquid depends on the chemical composition, pressure and temperature [9] . These steels were designed under 2.0MPa. Fig. 1 shows a phase diagram of HNS-C calculated by ThermoCalc under 2.0MPa. The Cr 2 N, reported to degrade corrosion resistance [10] , dissolve into the austenitic phase over about 1350K resulting in austenitic single phase. Finally three steels, which have less than 0.1mass% C, 16-18mass% Cr, 1-1.9mass% Mo and 0.45-0.61mass% N, were melted under 0.9Mpa or 2.0MPa in a pressurized induction furnace, in which nitrogen is introduced from the pressurized N 2 atmosphere, and hot forged to round bars and soaked at 1473K. HNS-A, B, C were spheroidized at 1123K and the hardness in HRB and cold workability was measured. Then, these steels were hardened at 1223-1423K for 3.6ks followed by oil quenching and sub-zero treated at 77K or 197K for 3.6ks and tempered at 473-823K for 3.6ks followed by air cooling. The hardness in HRC, the pitting potential in 3.5% NaCl aqueous solution at 303K, the volume fraction of retained austenite phase by X-ray diffraction and the microstructure by OM or SEM were measured at each heat treatment stage. No blowholes were observed in any ingot by gamma-ray photography.
Experimental Procedure

Results and Discussion
Spheroidized Hardness and Cold Workability. Fig. 2 shows the microstructure of spheroidized HNS-B Table 1 Chemical compositions of the experimental steels 
THERMEC 2006
and AISI440C. Lots of coarse carbide can be seen in the AISI440C, however, no coarse nitrides or fine homogeneous nitrides were observed in the HNS-B. Fig. 3 shows the hardness and stress-strain curve of spheroidized HNS-A, B, C and AISI440C by upsetting test. The hardness of all HNS-A, B, C was approximately 95HRB, which is less than AISI440C by 5 points in HRB, and they had a lower flow stress and a higher formability than AISI440C. This better cold workability could be owing to a lack of coarse carbide, which precipitated during the casting of AISI440C. These results indicate that the annealing works effectively due to precipitating of the nitride in the ferrite matrix even in high nitrogen martensitic stainless steels.
Quenched Hardness. Fig. 4 shows the effect of quenching temperature on the hardness and the volume fraction of retained austenite of HNS-C. On quenching without sub-zero treatment, the hardness decreases with temperature, which corresponds to increase in the volume fraction of retained austenite.
However, on quenching with sub-zero treatment, the retained austenite decreases and hardness increases compared to that of without sub-zero treatment. This indicates that sub-zero treatment works effectively even on high nitrogen martensitic stainless steels. HSN-C has a peak hardness of 56HRC quenched at 1373K with sub-zero treatment, whose volume fraction of retained austenite is approximately 17%. Tempered Hardness. Fig. 6 shows the effect of tempering temperature on the hardness of HNS-A, B, C after hardening at 1373K followed by sub-zero treatment. The hardness of high carbon martensitic stainless steels such as AISI440C or AISI420 decreases with temperature and has a secondary peak of hardness around 773K.
On the other hand, the hardness curves of HNS-A, B, C show apparently different behavior from high carbon martensitic stainless steels. The hardness of HNS-A, B, C increase with temperature gradually and have a peak at 673K for HSN-A, at 723K for HNS-B, C. This secondary hardening is approximately 4 points in HRC during tempering and the peak hardness reaches from 56 to 60HRC in tempering around 723K. The same behavior has been reported by H. Berns et al., which contains approximately 0.3mass% carbon [6, 7] , and may indicate that this behavior occurs in only nitrogen added martensitic stainless steel. Precipitation of Cr 2 N during tempering over 823K was observed [8] by TEM, however, no clear evidence has been reported. The most likely cause is a clustering or GP zone on nitrogen atoms, however, further investigation is necessary.
Corrosion Resistance. Fig. 7 shows the effect of tempering temperature on the pitting potential of HNS-A, B, C after hardening at 1373K followed by sub-zero treatment. The pitting potential tempered under 723K is much higher than AISI440C or AISI420, which is close to AISI316. However, the pitting potential tempered over 723K suddenly dropped reaching almost that of AISI420. This degradation of corrosion resistance was reported to be caused by precipitation of Cr 2 N at grain boundaries during tempering in HNS-A [8] , so it is considered that the same phenomenon occurred in HNS-B, C. 
HNS-C and AISI440C after hardening followed by sub-zero treatment and tempering. Lots of coarse carbide can be seen in AISI440C, however, no coarse nitrides or tempered martensite single phase were observed in HNS-C. This suggests that coarse nitride is harmful to corrosion resistance. Fig. 9 shows the effect of hardening temperature on the pitting potential of HNS-C, and Fig. 10 shows an SEM micrograph of hardening at 1373K and 1423K. The pitting potential improved slightly with the increase of hardening temperature and dissolution of fine precipitates, which was identified as Cr nitride by EDX. On the other hand, too much soluble nitrogen would increase the volume of retained austenite resulting in decreased hardness. Fig. 11 shows the effect of hardening temperature on the tempered hardness of HNS-C. The hardness at 1423K was lower than that at 1373K across all tempering temperatures. This indicates that the increase of retained austenite affects the tempered hardness. Therefore, the hardness and corrosion resistance depend on both the quantity of the soluble Cr 2 N at hardening and the state of the precipitated Cr 2 N at tempering. Fig. 12 shows relationship between the hardness and pitting potential of HNS-A, B, C heat treated under optimized conditions. All experimental steels succeeded in having higher pitting potential than AISI304 and having a higher balance of hardness and corrosion resistance than has previously been reported. In this study on HNS-A, B and C, hardness and 
Summary
We investigated the hardness and corrosion resistance of low carbon and high nitrogen martensitic stainless steels produced through the pressurized induction melting process under various heat treatment conditions. 1) The hardness of these steels after spheroidal annealing treatment is about 95HRB and the cold workability is superior to that of AISI440C. 2) These steels after hardening and tempering have both 56~60HRC in hardness and higher pitting potential than AISI304.
3) Both remnant Cr 2 N in hardening and precipitated Cr 2 N at the grain boundary in tempering degraded the corrosion resistance of high nitrogen martensitic stainless steels. Also, the hardness depended on both the quantity of the soluble Cr 2 N at hardening and the state of the precipitated Cr 2 N at tempering. 4) The best balanced developed steel has a hardness of 60HRC and better corrosion resistance than AISI304 under optimal heat treatment conditions.
